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Abstract: Cardiovascular diseases (CVDs) are the world’s leading cause of mortality and represent a
large contributor to the costs of medical care. Although tremendous progress has been made for the
diagnosis of CVDs, there is an important need for more effective early diagnosis and the design of
novel diagnostic methods. The diagnosis of CVDs generally relies on signs and symptoms depending
on molecular imaging (MI) or on CVD-associated biomarkers. For early-stage CVDs, however,
the reliability, specificity, and accuracy of the analysis is still problematic. Because of their unique
chemical and physical properties, nanomaterial systems have been recognized as potential candidates
to enhance the functional use of diagnostic instruments. Nanomaterials such as gold nanoparticles,
carbon nanotubes, quantum dots, lipids, and polymeric nanoparticles represent novel sources to
target CVDs. The special properties of nanomaterials including surface energy and topographies
actively enhance the cellular response within CVDs. The availability of newly advanced techniques
in nanomaterial science opens new avenues for the targeting of CVDs. The successful application of
nanomaterials for CVDs needs a detailed understanding of both the disease and targeting moieties.

Keywords: nanotechnology; diagnosis; treatment; cardiovascular diseases

1. Introduction

Cardiovascular diseases (CVDs) are considered a major cause of mortality worldwide.
According to the World Health Organization, CVDs led to the death of about 17.9 million
people in 2016, contributing to 31% of total global deaths [1]. CVDs represent an economic
burden for low- and middle-income countries as many people die at young age in their
active time [2]. The heart consists of a variety of cells including cardiac fibroblasts, car-
diomyocytes, neural cells, and vascular cells. Any dysfunction or abnormality in these
endothelial, smooth, or connective cells results in CVDs [3]. The term CVDs encompasses
a diverse set of disorders related to the heart which include ischemic heart disease, cere-
brovascular diseases, arrhythmia, Marfan syndrome, thrombosis, pericardial disease, heart
failure, stroke, vascular diseases, and cardiomyopathies [4]. Tobacco and alcohol consump-
tion, unhealthy lifestyle, and genetic factors are the most possible risk factors to develop
CVDs. Similarly, elevated blood glucose levels, obesity, and high lipid levels contribute to
secondary underlying risk factors contributing to the progression of CVDs [5]. Besides the
apparent pathophysiology, a variety of clinical investigations predicted that tumor necrosis
factor-alpha (TNF-α) plays a key role in the pathogenesis of cardiac diseases. Cardiac
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monocytes and macrophages induce biochemical alterations along with compromised
calcium metabolism. A decreased expression of β-adrenergic receptors, alterations in the
natriuretic hormones, and increased matrix metalloproteinase (MMP) expression are also
underlying risk factors [6].

Current treatment differs, depending on the risk and severity of CVDs. The main focus
of all treatment protocols for CVDs is to improve the blood supply or prevent the pressure
being exerted on cardiac walls in order to minimize tissue damage and capillaries rupture.
Statin therapy is the most common option to dissolve the clots and regain endothelial
membrane elasticity in blood vessels. Moreover, aspirin is the most frequently used drug
for the secondary prevention of CVDs [7]. Alternatively, β-adrenergic receptor blockers
are also prescribed as first-choice treatments for atrial fibrillation and coronary artery
disease but they have been excluded from first-line therapy in the case of hypertension [8].
Angiotensin-converting enzyme (ACE) inhibitors and angiotensin-II receptor blockers
(ARBs) are also prescribed for the treatment of hypertension, congestive heart failure, and
myocardial infarction [9]. Apart from conventional renin-angiotensin antagonists, new
candidates like sacubitril/valsartan (an angiotensin receptor-neprilysin inhibitor) were
investigated as more promising drugs to reduce the mortality in patients with cardiac
failure with low ejection fraction, but clinical trials are still ongoing [10]. On the other hand,
severe and chronic cases need highly invasive interventions like coronary artery bypass
grafts, percutaneous transluminal coronary angioplasty, and stenting [11].

Right now, the most frequently used CVD diagnostic methods include magnetic
resonance imaging (MRI), X-ray computed tomography (CT), electrocardiography (ECG),
and echocardiography [12]. MRI employs radio waves to generate a 3D image of the heart
and is most commonly used to diagnose stroke and atherosclerosis. CT uses X-rays beams
to develop an image of the tissues with its high signal contrast. ECG records the electrical
activity of the heart and monitors chest pain in patients with angina, heart attack, and
arrhythmia. Echocardiography uses sound waves to create an image of the heart to detect
cardiac disorders [13–16]. Additionally, advanced molecular imaging (MI) and cardiac
immunoassays (CIAs) are new diagnostic methods to identify cardiac biomarkers (MMP-1,
hepatocyte growth factor, cyclooxygenase 2, monocyte chemoattractant protein 1—MCP-1,
tissue inhibitor of MMP-1). MI has been merged with various other techniques over the
past to acquire more reliable and sensitive outcomes with accuracy [17,18].

Despite ongoing progress in pharmacological and clinical treatment, CVDs are still
the leading cause of morbidity and mortality worldwide. The current treatments are
not disease-specific and generally lead to organ toxicity. The blood thinning agents and
anti-coagulants may pose serious adverse effects to the heart and limit the optimal dose
administration, which itself remains a serious therapeutic challenge [19]. Aspirin is re-
ported to have an increased risk of bleeding, therefore, international guidelines on primary
prevention of CVDs recommend aspirin only if the risk of cardiac events persist for at
least 10 years [20]. Likewise, animal studies revealed that implantation of stents results
in irritation, allergic reactions, and other significant issues like webbing, causing throm-
bogenicity [21]. The most commonly employed X-ray techniques have short imaging
window and are limited in the contrast and differentiation of soft tissues, healthy tissues,
and pathological tissues. Also, the diagnosis of CVDs using conventional techniques lacks
precision, accuracy, and early diagnosis because of heterogeneity of CVDs [22,23].

Nanomedicine is a convergent discipline that combines the fields of biology, bio-
chemistry, physics, engineering, genetics, and biotechnology to adjust the treatment and
diagnosis of diseases [24–26]. Chronic heart diseases, especially myocardial infarction,
eventually end up with a heart transplant, which may not be feasible, usually because of the
unavailability of donors, autoimmune disorders, and chances of organ rejection. Recently,
biomimetic materials based on nanotechnology gained increased attention for the develop-
ment of scaffolds [27]. These scaffolds are composed of nanomaterials to provide mechani-
cal, electromagnetic, and physical assistance in tissue repair and regeneration. They can
provide cells via seeding at a site of injury or tissue deterioration to aid tissue functioning
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and healing [28]. Presently, nanopolymeric-coated biodegradable stents are being explored
to resolve the issues with the conventional stents in use. These novel stents can improve
drug release profiles along with a reduction in the platelet adhesion rate. Nanocomposite
polymers including poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and
polyhedral oligomeric silsesquioxane poly-(carbonate-urea) (POSS-PCU) are being used
to construct anti-thrombogenic and blood compatible stents [29–31]. Nanomedicines of
different characteristics and compositions are under extensive research for the treatment of
CVDs. These include polymeric nanoparticles (NPs), silica-based nanoconjugates, micelles,
liposomes, niosomes, exosomes, surface-modified nanostructures, nanofibers, nanotubes,
metallic NPs, dendrimers, hybrid nanosystems, poly(ethylene glycol)-ated (PEGylated)
nanospheres, and immunomodified nanoshells [32–36], as presented in Figure 1.
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CVDs may be treated if accurately diagnosed at early stages. Recent trends in nan-
otechnology also facilitated the diagnosis of CVDs. Nanoscale contrast agents emerged as
multifaceted entities that can diagnose cardiac disorders in the very initial stages. Nanosen-
sors are advantageous in contrast to conventional diagnostic approaches because they can
incorporate a variety of imaging agents and simultaneously be used to load drugs for active
targeting. They allow for a chelation of multivalent targeting moieties due to increased
surface areas. Contrast-enhancing nanostructures for diagnosis and imaging comprise
of fluorescent, paramagnetic, multimodal, light scattering, electron-dense, or radioactive
particles, collectively termed as nanosensors [37,38]. Nanosensors provide clinical accu-
racy and usefulness by the detection of even single nucleotide polymorphisms (SNPs).
Moreover, advancements in diagnosis and imaging using nanosensors further improved
the detection of proteins and biomarkers in CVDs [39]. Nanosensors and nanomaterials
allow for a local or targeted delivery and diagnosis, reduced sheer impact of blood flow,
reduction in dose, and prolonged effects [40–42]. Disease-specific molecules or proteins
can be targeted for treatment approaches by nanomaterials or quantitatively estimated
by nanosensors, e.g., specific integrins (ανβ3-integrin, vascular cell adhesion molecule
1-VCAM-1) expressed by atherosclerotic plaques can be exploited as target [43]. Emerging
diagnostic tools like in vitro programmable bionanochips (lab-on-chip) are in demand
for point-of-care testing [44]. Another advancement in the diagnosis of pressure-related
diseases is the pressure biosensor. Such a biosensor uses self-oriented nanocrystals in
spatial arrangements to capture micropressure changes on cardiovascular walls. These
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nanosensors hold optimistic results in the postoperative recrudescence of deep throm-
bus [45]. Moreover, various supraparamagnetic iron oxide NPs (SPIONs) and ultrasmall
SPIONs (USPIONs) are showing promising results as contrast agents in clinical trials for
CVDs. As macromolecules are unable to cross cellular biological barriers and have limited
availability at diseased sites, targeted drug, and biologic delivery, along with diagnosis
of the cardiac tissues and organelles which need to be further exploited for a rational
treatment of CVDs.

In continuation of our groups’ efforts related to the synthesis of nanomaterials and
investigation of their potential bioapplications [26,46–62], we review here published data
concerning the most well-known databases regarding different nanomaterial applicability
for the diagnosis and treatment of CVDs. Critical points are highlighted in different
sections/subsections of this manuscript, as follows below. This review provides 151 related
references support the main aspects describing this topic.

2. Diagnosis of CVDs
2.1. Potential Biomarkers of CVDs and Current Clinical Diagnosis Methods

Nowadays, numerous techniques for the diagnosis of CVDs have been introduced,
such as ECG, exercise stress test, cardiac immunoassay (CIA), and molecular imaging
methods, as shown in Figure 2.
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For instance, because the levels of lipoproteins and lipids are well-established indica-
tors of an unhealthy cardiovascular condition, cholesterol, high-density lipoprotein (HDL),
and low-density lipoprotein (LDL) levels are often fully investigated by blood panels [63].
Other biomarkers related to CVDs include interleukin 6 (IL-6), C-reactive protein (CRP),
MCP-1, fibrinogen (factor I), cardiac troponins I and T (cTnI and cTnT), B-type natriuretic
peptides (BNP and NT-proBNP), D-dimer, and TNF-α [64–66]. Autoantibodies are also
involved in the process of atherogenesis and were suggested as potential CVD biomark-
ers [67]. While various biomarkers have been explored and applied for the diagnosis of
CVDs, conventional methods also involve expensive and time-consuming blood work anal-
yses. Accurate and valid measures of risk and progression of CVDs are cardiac biomarkers
found in human body fluids. They can be quantitatively estimated using different CIAs
based on antigen-antibody immunoaffinity. In inflammatory conditions such as atheroscle-
rosis, CRP is a marker molecule that is significantly increased. Cardiovascular morbidity
is predicted by CRP levels and elevated CRP levels are associated directly with potential
cardiovascular risks. The cTnI and cTnT markers are particularly important biomarkers for
the diagnosis of acute MI and for the risk of stratification in acute coronary syndrome. Also,
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in both acute and chronic states, BNP and NT-proBNP are used as biomarkers to diagnose
heart failure. D-dimer is a biomarker of thrombosis, acute aortic dissection, cardiovascular
death, and ischemic heart disease [66]. Other non-invasive methods such as ECG may be
used instead of relying on blood work to diagnose some symptoms such as arrhythmias
which can be closely linked to cardiovascular problems [68].

One of the most commonly used methods for the imaging of multiple CVDs is the use
of ultrasounds [69]. The positions of blood clots or irregular circulation may be detected
by vascular ultrasounds and echocardiograms [70]. Methodologies such as coronary
angiography (CA), MRI, CT, positron emission tomography (PET), and single-photon
emission CT (SPECT) may be used for more comprehensive imaging to provide appropriate
diagnostic details. Also, techniques such as PET-CT and SPECT-CT are constantly used in
order to benefit from several modalities at once [71]. While significant advances in CVD
imaging have been made, patients still often need to be given massive amounts of contrast
agents, and reports are often misunderstood which can result in a wrong diagnosis [72,73].

2.2. Nanoparticles for the Early Diagnosis of CVDs

In many countries, CVDs are the primary cause of death and accounts for around
one-third of all deaths in the world [74]. More effective diagnostics and safe, non-invasive
imaging methods are critically needed for use as diagnostic methods to provide detailed
information over time about CVDs. Nanotechnology includes structures with nanoscale
dimensions, having unique physicochemical properties that render them desirable to im-
prove the current diagnosis methods. Due to their peculiar optical property, electrical
property, and excellent biocompatibility, nanomaterials have been extensively applied to
CIAs, including electrochemiluminescence (ECL), electrochemistry (EC), and photoelectro-
chemistry (PEC). All established sensors used in the diagnosis of CVDs are presented in
the following paragraphs [75].

Due to their small size, high flexibility, and low cost, field effect transistor-based (FET)
sensors have been used in biomedical research [76]. For the identification of cTnT in the
field effect transistor (FET) system, Surya et al. [77] used a blend of Co3O4 and AuNPs. By
adsorbing its complement biotinylated DNA aptamer on the channel surface, they achieved
cardiac troponin T identification. Using this unit, analyses indicated a 250% increase in
responsiveness and a detection limit of 0.1 µg/mL.

Due to its high sensitivity and rapid re-response time, EC attracted considerable atten-
tion, becoming one of the most promising techniques for diagnosis. In addition, due to their
catalytic properties, conductivity, binding affinity, and large surface area, nanomaterials
are highly valuable to improve the sensitivity and strength of EC [78]. Many forms of
CVD nanosensors include electrochemical impedance where electrode changes induced
by charged antigen interactions are reported [79]. For instance, Wang et al. [80] reported
an electrochemical impedance spectroscopy (EIS) sensor system (label-free) for extremely
sensitive cTnI detection using a modified glass carbon electrode (GCE) AuNPs as a base
electrode. The molecular recognition probe was a special peptide (CFYSHSFHENWPS).
The charge transfer resistance (Rct) of the biosensor at the time of cTnI binding was loga-
rithmically directly proportionate to the cTnI concentration in the range of 15.5 pg/mL to
1.55 ng/mL with a detection limit of 3.4 pg/mL. In another study, an apta sensor for cMb
identification using polyethylene imine (PEI) functionalized thin films of reduced graphene
oxide was introduced by Sharma et al. [81]. Acute myocardial infarction (AMI), also known
as “heart attack”, is one of the world’s leading causes of death and an important cardiac
biomarker—cardiac myoglobin (cMb)—can be used for early AMI diagnosis [82]. As a
reducing agent for graphene oxide, PEI, a cationic polymer, was used to provide largely
positive charges on the rGO surface and to enable direct adsorption of negatively-charged
single-strand DNA aptamers against cMb through electrostatic attraction without any
chemical ligand or linking. Through differential pulse voltammetry, the existence of cMb
was identified on Mb aptamer-modified electrodes by assessing the actual shift due to direct
electron transfer between cMb proteins (Fe3+/Fe2+) and electrodes. Detection limits were
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of 0.97 pg/mL (phosphate-buffered saline) and 2.1 pg/mL (10-fold-dilute human serum),
with a logarithmic cMb concentration linear nature. In a similar study, by developing
aptamer sensors for BNP-32 and cTnI, Grabowska et al. [83] reported a systematic method
to multianalyte nanostructured materials for cardiac biomarkers. In patients with systemic
left ventricular (LV) dysfunction, BNP-32 serves as a possible biomarker of elevated left
ventricular-diastolic strain. Also, in AMI patients, an increased level of this protein was
seen [84]. For this purpose, with PEI/reduced graphene oxide films, commercial gold-
based screen-printed electrodes have been modified electrophoretically. The established
sensor had a linear relation in the case of BNP-32 from 1 pg/mL to 1 µg/mL in serum
and linearity was observed for cTnI from 1 pg/mL to 10 ng/mL as needed for an early
monitoring of CVDs.

Together with fluorescent assays, immunoassays are by far dominant analytical ap-
proaches because of their outstanding flexibility and signal enhancement capability. The
performance of fluorescence assays has been used with nanomaterials because nanoma-
terials have a good solubility, low toxicity, and strong binding affinity of biomolecules
that can be coupled with various intensive fluorescence amplification materials [85]. A
robust nanozyme-linked immunosorbent assay based on graphitic carbon nitride quantum
dots (g-C3N4 QDs) has been reported by Miao et al. [86], achieving ratiometric fluorescent
and colorimetric dual-modal sensing performance. Detection of cTnI was performed as a
proof-of-study demonstration. In another study, Gogoi et al. [87] developed a responsive
detection method in the biological fluid (serum) and buffer for cTnT using a nanoplatform
based on molybdenum disulfide (MoS2) and NIR-active fluorescent anti-cTnT-labelled
carbon dots. In the range of concentrations of 0.1-50 ng/mL with a detection limit of
0.12 ng/mL and a quantification limit of 0.38 ng/mL, a linear behavior was found between
the concentration of cTnT and the intensity of fluorescence. Results of the analysis showed
that the nanosensor has a coefficient of co-relation of 0.99.

ECL includes electron-transfer reactions that produce excited states and light emis-
sions. ECL may act as a common diagnostic assay to quantify biomarker expression levels
because the observed emission intensity in ECL is proportional to the biomarker concentra-
tion. Luminol is one of the most important ECL signal enhancers but it displays a weak
signal and low solubility. Because of their large specific surface area, ability to functionalize
signal amplification materials, conductivity, and surface charge, luminol-functionalized
nanomaterials can address the limitations of conventional luminol and greatly increase
strength and sensitivity [88]. Dong et al. [89] developed a novel sandwich-style ECL im-
munoassay to detect NT-proBNP. The method focused on ECL resonance energy transfer
(RET) between silver nanocubes covered as the donor by semicarbazide-modified gold
NPs (AgNC-sem@AuNPs) and the acceptor is a Ti(IV)-based metal-organic structure of
type MIL-125. The assay operated in a concentration range of 0.25 pg/mL to 100 ng/mL
with a low detection limit of 0.11 pg/mL at S/N = 3.

Biosensor surface plasmon resonance (SPR) measures changes in the refractive index
on the surface of a sensor. Nanomaterials have amplified signals with plasmonic and
optical properties, good distribution capacity, and high photostability, thereby enhancing
SPR sensitivity [90]. Immunomagnetic separation technology-assisted SPR biosensing
was reported by Chen et al. [91] for human cTnI. The platforms for immobilizing capture
antibody (cAb) and SPR sensing were used as Au films modified by Au NPs and poly-
dopamine (PDA). The magnetic immune probe was prepared by adding the detection
antibody (dAb) to the surface of PDA-coated Fe3O4 NPs for precise capture, magnetic
separation, and target analyte enrichment (cTnI) from the samples. The detection limit
of cTnI was 3.75 ng/mL, i.e., 320-fold lower than achieved by a sensing strategy based
on PDA.

Enzyme-linked immunosorbent assay (ELISA) is a commercialized approach that
uses an enzyme-linked conjugate and enzyme substrate to monitor the concentrations
of targets via color change of antigen-antibody reactions. The efficiency of the ELISA
and below lateral flow assay significantly improved the specific physical properties and
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biocompatibility of nanomaterials (LFA) [92]. A new type of multimodal ELISA (M-ELISA)
based on Au@Pt nanodendrites’ specific properties was developed by Jiao et al. [93], with
good quality for the clinical diagnosis for serum samples.

PEC is a valuable screening method since the biological interactions between biomark-
ers and corresponding recognitions cause a photocurrent shift. PEC sensitivity can be en-
hanced by nanomaterials due to their low background signal [94]. The split-type liposomal
PEC immunoassay system consisting of sandwich immunorecognition, CdS QDs-loaded
liposomes (QDLL), and separate TiO2 nanotube electrode release and subsequent capture
of QDs was stated by Xue et al. [95]. The proposed method, with cTnI as a goal, achieved
an efficient activation of the TiO2 nanotube electrode leading to the generation of a signal
in the split-type PEC immunoassay.

Due to their excellent multiplexing performance, high sensitivity, and wide dynamic
range, surface-enhanced Raman scattering (SERS) immunoassays show a strong potential
for clinical CVD diagnosis. The preparation and attachment of Raman labels was simplified
by nanomaterials, thus improving sensitivity [96]. A new signal enhancement SERS
platform for cTnI recognition and detection using AuNPs, graphene oxide (GO), and
magnetic beads was documented by Fu et al. [97]. cTnI with a good detection limit of
5 pg/mL was selectively detected by the proposed SERS-based immunoassay and a good
linearity was obtained in the range of 0.01-1,000 ng/mL. Table 1 summarizes the description
of such nanostructures in the diagnosis of CVDs.

Table 1. Summary of some nanostructures in diagnosis of CVDs.

Detection Methods Nanostructures Limit of Detection Biomarkers Refs.

Field effect transistor-based (FET) Co3O4, AuNPs 0.1 µg/mL cardiac troponin-I
(cTnI) [77]

Electrochemistry (EC) reduced graphene oxide 0.97 pg/mL cardiac myoglobin
(cMb) [82]

Fluorescence immunoassay molybdenum disulfide
(MoS2), carbon dots 0.12 ng/mL cTnI [87]

Electrochemiluminescence (ECL) semicarba-zide-modified
AuNPs, AgNPs, MOFs 0.11 pg/mL

N-terminal pro-B-type
natriuretic peptide
(NT-proBNP)

[89]

Surface plasmon resonance (SPR) AuNPs, Fe3O4 NPs 3.75 ng/mL cTnI [91]

Enzyme-linked immunosorbent
assay (ELISA) Au@Pt nanodendrites 0.34 ng/mL cTnI [93]

Photoelectrochemistry (PEC) CdS quantum dots (QDs),
TiO2 nanotubes 0.5 pg/mL cTnI [95]

Surface-enhanced Raman
scattering (SERS)

AuNPs, graphene oxide
(GO), magnetic beads
(MB)

5 pg/mL cTnI [97]

2.3. Nanostructures for CVD Imaging

Due to their improved resolution, signal amplification, and simple manipulation, nano-
materials with good bioavailability and flexibility improved the precision and specificity
of clinical imaging applications. NPs are ideal for imaging, among other nanomaterials,
because of their mobility in both internal and external vascular systems, high surface area
to volume ratio, and imaging versatility. These benefits enable them to circulate across
low-restricted human bodies and produce functional imaging vehicles as contrast agents
when applied in imaging environments, resulting in dramatically improved diagnostic
performance [98]. Due to their stability, NPs can be used for RNA detection in intravascular
systems. NPs that are injected or ingested and functionalized with detectable molecules
can circulate through the human body and target specific RNA for diagnosis. However,
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because RNA detection involves NPs entering and interacting with cells, the size, shape,
morphology, and density of functionalized NPs has to be carefully investigated. In addition,
by integrating materials such as photoacoustic, fluorescent, radioactive, paramagnetic,
superparamagnetic, electron-dense, light-scattering particles, and multimodal functional
groups that are observable by imaging, NPs can serve as nanoscale contrast agents [99–101].

Historically, imaging technology has mainly been established for cancer-related appli-
cations using AuNPs. AuNPs have successfully been employed in the cardiovascular area
utilizing their desirable bioactivity and flexibility [102]. Photoacoustic imaging in which
AuNPs can be engaged depend on the thermal changes of nanoagents or tissues when
pulsed laser beams are absorbed [103].

A photoacoustic molecular probe based on Au nanoshell targeting VCAM-1 in mice
was described by Rouleau et al. [104,105]. Molecular targets may be caused by infections,
apoptosis or calcification in the form of CVDs. VCAM-1 is mainly expressed at low levels
and its upregulation is a significant marker of chronic inflammation in hearts during the
formation of atherosclerotic plaque [104,105]. Ex vivo optical projection microscopy of
atherogenic and control mice of the heart and aortas verified the preferential aggregation
of nanosensor in atherosclerotic-prone regions in mice, thus verifying the usefulness of the
in vivo technique in small animals for clinical studies [104]. In order to provide improved
evaluations of atherosclerotic plaque, propidium iodide (sonoporation tracer) can also be
paired with ultrasound imaging technology.

Optical coherence tomography (OCT) is another method for cardiovascular imaging us-
ing AuNPs. In this methodology, the infrared signal is guided to the target tissue from a broad-
band coherent light source and an image is built based on the back-scattered light [106,107].
Hu et al. [108] for instance, showed that individual cells suspended in biocompatible fluids
may be identified using cardiovascular OCT. Pertinently, the integration of Au nanoshells as
intracellular contrast agents with this catheter-based clinical methodology led to a significant
increase in the reflected signal generated by individual cells.

MRI is a non-invasive approach that can provide comprehensive vasculature data that
is important for the efficient CVD diagnosis [109]. Gd is often used in MRI to produce a
positive signal due to its high paramagnetic potential as a T1-weighted contrast agent [110].
SPIONs have also been commonly used as MRI contrast agents [111]. Iron oxide NPs act as
T2-weighted contrast agents that produce negative signals, unlike Gd which is a T1 contrast
agent. Twin-modal frameworks have been suggested in order to acquire the effects of both
T1 and T2 contrast agents. In this context, Qin et al. [112] stated that uniformly distributed
Fe3O4/Gd2O3 core@shell NPs were rationally designed and produced successfully for T1-
T2 dual-mode contrast agents. For improved hydrophilia and bioactivity, the Fe3O4/Gd2O3
core@shell NPs have been coated with nontoxic 3,4-dihydroxyhydrocinnamic acid (DHCA).
T1- and T2-weighted imaging photographs in vivo indicated that FGDA nanocubes have
the potential to improve MRI as a dual-mode contrast agent. Figure 3 shows diagnosis
methods of CVDs including biomarker detection and bioimaging techniques within the
nanotechnology platforms.
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3. Applications of Nanomaterials in the Treatment of CVDs

Nanomaterials also play significant roles in the treatment of CVDs [113]. Nanomaterial
applications are closely related to the medical research, providing strong alternatives for
CVDs. Many new strategies may enhance the efficacy of these treatments. Progress has
been made in the past decades in the application of nanotechnology and nanomaterials for
CVDs [114–124]. NPs are considered as safe and efficacious platforms for different drugs
whose clinical utilities are limited due to their toxicity or unfavorable pharmacokinetic
properties. Table 2 and Figure 4 presents common nanomaterials used in CVD application
and their common features [40].

Table 2. Category and features of nanodrug carriers for the treatment of CVDs.

Type Structures Methods of Drug
Loading Advantages Limitations Refs.

Liposomes lipid bilayers chemical/physical
encapsulation

non-toxic,
biocompatible,

non-immunogenic

low stability,
leakage [19,125]

Polymeric NPs

nanospheres,
nanocapsules/polymer-

based NPs with
lipophilic core

chemical/physical
encapsulation no leakage, stable systemic toxicity [126,127]

Metal
nanomaterials

NPs, nanorods,
nanowire

physical
encapsulation

magneto-optical
response

characteristics and
antibacterial property

toxicity, hard to
degrade [128]

Polymeric
micelles

core shell structure
formed by

self-assembly

chemical/physical
encapsulation

easy preparation,
highly stable

low stability,
depolymerization

after dilution
[129]

Inorganic
non-metallic

nanomaterials

same size with
adjustable pore size

physical
encapsulation

large surface area,
stable size, high drug

loading

low rate of
biodegradation [130,131]
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3.1. Liposomes

There is much interest in developing lipid-based drug delivery systems such as
solid lipid NPs, liposomes, and self-emulsifying systems to target CVDs. The studies
demonstrated that drugs encapsulated in liposomes or in lipid nanocarrier systems can
lower the toxicity issues compared with free drug intervention in CVDs. Lipid-based
systems have been explored to deliver biomolecules for vascular abnormalities [132].

Dzau and coworkers [133] showed the efficacy of fusigenic lipids for gene therapy
of CVDs. Another study encapsulated DNA in liposomes with an average diameter of
200 nm where the lipid membrane was modified with proteins of UV-inactivated hem-
agglutinating virus [134]. The liposomes attached to plasma membranes within a short
time, allowing for cytostatic gene therapy in models of vascular proliferative diseases. Elec-
trostatic DNA complex with cationic liposomes has also been explored for vascular disease
gene therapy. In some studies, antibodies attached to liposomes were utilized to actively
target fibrinogen, intercellular adhesion molecule-1, and fibrin. This type of liposomes
provides a method for the use of ultrasound-induced cavitation to transport fibrinolytic
agent. Dasa and coworkers [135,136] developed peptide liposomal systems with an affinity
for cell types present in postmyocardium infarction. They encapsulated the poly(ADP
ribose) polymerase-1 inhibitor AZ7379 in a liposomal system and measured increased
bioavailability of AZ7379 at infarct zone 24 h after injection compared with non-liposomal
AZ7379. Lestini et al. [137] functionalized liposomes using arginine-glycine-aspartic acid
(RGD) to target integrin GPIIb-IIIa receptors on activated platelets. Moreover, surfactant
oil godextran incorporation in the liposomes provided knowledge into the effects of vesicle
perturbation on liposome clearance. This ligand-gated delivery of liposomes highlights
the importance of selective targeting in design of effective targeted delivery system in
CVD treatment. van der Valk et al. [138] manipulated liposome-based drug delivery to
improve the risk/benefit ratios of active agents to target atherosclerotic plaques as the very
1st clinical study of prednisolone-loaded liposomes (PLPs) against atherosclerosis. When
tested in humans, PLPs build on pharmacokinetic profiles with increased plasma half-life
of 63 h. Moreover, intravenously infused liposomal NP PLPs (LN-PLPs) appeared in 75% of
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the macrophages. The study data concluded on the successful delivery of long circulating
liposomes to atherosclerotic plaque macrophages in patients, showing the value of the
approach for the development and imaging-assisted evaluation of future nanomedicines
in atherosclerosis [138]. Laing et al. [139] evaluated the thrombolytic effects of tissue
plasminogen activator (tPA) encapsulated in echogenic liposomes (ELIPs) in an in vivo
rabbit aorta clot model. Thrombus was studied in the abdominal aorta and the etiology
was imaged before ELIP administration while blood flow velocities were measured before
and after treatment. Ultrasound treatment enhanced the thrombolytic effect of tPA-loaded
ELIPs with complete recanalization rates versus ineffective empty ELIPs, highlighting
the effective thrombolytic effects of tPA in vivo via ELIP loading, while Doppler treat-
ment increased the thrombolytic effects with enhanced and rapid recanalization rates.
Zhong et al. [140] manipulated the bioactive flavonoid substance breviscapine obtained
from traditional Chinese medicine against CVDs. This study used multivesicular liposomes
(MVLs) as sustained release system to reduce the frequency of injection and afford patient
compliance. Pharmacokinetics study were performed using MVLs containing breviscapine
relative to traditional liposomes upon intramuscular injection in rats. The results showed
increased residence time and drug release in vitro while absorption in vivo showed good
linear correlation, supporting the concept of using MVLs as a sustained delivery system of
breviscapine for CVDs. Huang et al. [141] worked on an injectable delivery system that
can selectively drive thrombolytics to sites of active platelet aggregation, having significant
potential for vascular occlusion therapy. The authors performed surface modification with
a conformationally high affinity RGD motif for GPIIb-IIIa-binding. The targeting/binding
of RGD-modified liposomes was studied by scanning electron microscopy, fluorescence,
and flow cytometry and the attachment of the RGD liposomes was evaluated in a rat model
and monitored ex vivo by fluorescence microscopy. The results revealed the feasibility
of changing the binding potential of vascularly targeted liposomes and platelet targeting
using surface-modifying ligands. Figure 5 presents functionalized liposomes for targeting
the CVDs.
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Figure 5. Functionalized liposomes with targeting ligands (PEG, antibodie, apartmers, proteins,
carbohydrates).

3.2. Polymeric Nanoparticles

The tunable properties of polymeric NPs are the main focus of CVD treatment, having
a potential for reabsorption in the body. Polymeric NPs can be coupled or free floating
with another material [142].

Research was performed to immobilize PLGA on a polytetrafluoroethylene film as a
material to develop vascular grafts [143]. This approach may be used to deliver specific
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molecules such as antithrombotic drugs to act against the regular side effects of thrombosis.
Ahadian et al. [144] developed polymeric nanomaterials for CVD applications using a
matrix of polyester and carbon nanotubes (CNTs) with enhanced electrical conductivity
and stability, allowing to stimulate cell-cell coupling. Matoba et al. [135] investigated poly-
meric PLGA NPs as a nanodrug delivery system to impact monocyte-derived inflammation
during atherosclerosis. FTIC-loaded PLGA NPs were incorporated in mice after 2 h of
plaque rupture, as noted by flow cytometric analysis of aortic and peripheral leukocytes,
with delivery of FITC NPs to peripheral monocytes and next to aortic macrophages 7 days
after injection. This group also developed PLGA NPs encapsulated with pioglitazone,
a clinically approved thiazolidinedione that activates the peroxisome proliferator acti-
vated receptor-gamma (PPARγ), allowing to regulate inflammation in mice in vivo for
up to 4 weeks. Pioglitazone NPs significantly reduced the number of fibrous caps and
enhanced the fibrous cap thickness, but orally administered pioglitazone did not affect
the number of fibrous caps thickness or plaque area, showing the efficacy of PLGA NPs
as delivery system. Figure 6 presents nanodrug delivery systems mediated treatment for
acute coronary syndrome.
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system (Nano-DDS)-mediated treatments for patients with unstable plaque via (1) intravenous injection and (2) delivery to
circulating monocytes, with (3) therapeutic goals including atherosclerotic plaque stabilization and prevention of acute
myocardial infarction.

3.3. Micelles

Micelles are specialized, efficient carriers for poorly soluble drugs as nanodimen-
sional colloidal particles with a hydrophilic shell and hydrophobic core. Surface-modified
polymeric micelles primarily consist of amphiphilic macromolecules and have many appli-
cations in the areas of drug delivery and theranostics.

Various polysaccharides have been employed to prepare polymeric micelles. PEGy-
lated polycationic block copolymeric micellar assembly was established to target vascular
injury in the rabbit carotid artery for gene delivery [145]. Peters et al. [146] demonstrated
that a PEG-based lipid micelle system co-encapsulated with a fluorophore as an imag-
ing agent was capable of delivering an anticoagulant drug at the similar targeting site.
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Other studies demonstrated the efficacy of PEG-based lipid micelles with surface-modified
scavenger receptor-based antibodies and encapsulated with gadolinium (Gd) complex to
particularly accumulate in atherosclerotic arterial sites. At atherosclerotic aortic sites, Gd-
encapsulated micelles functionalized with anti-CD36 antibodies could reveal macrophages
in human atherosclerotic aortic tissues obtained at autopsy. Ding and colleagues [147,148]
explored a number of probable micelle-based strategies intended for improperly func-
tioning endothelia that forms a significant part of thrombotic or atherosclerotic tissues.
Their results showed a significant potential of micellar site-specific delivery and usefulness
for the treatment of CVDs. Wennink et al. [145] worked on the targeted elimination of
macrophages by photodynamic therapy as a promising approach to reduce atheroscle-
rotic plaques. Temoporfin or m-tetra(hydroxyphenyl)chlorin (mTHPC) may be suitable
as photosensitizer for application in atherosclerotic lesions and cancer. In this particu-
lar study, mTHPC was loaded in polymeric micelles developed by the film hydration
method using benzyl-PCL-b-methoxy PEG. The authors reported that delivery of mTHPC
in blood plasma from the micelles occurred after 30 min and that accumulation of mTHPC
in atherosclerotic lesions of mice resulted in binding to lipoproteins upon release from the
micelles. Future experiments may allow to increase the stability and accumulation of THPC-
loaded Ben-PCL-mPEG micelles to macrophages of atherosclerotic lesions. Yoo et al. [149]
developed fibrin-binding, peptide amphiphile micelles (PAMs) by encapsulation the tar-
geting peptide cysteine-arginine-glutamic acid lysine alanine (CREKA) with two types
of amphiphilic molecules containing Gd, the chelator diethylenetriaminepentaacetic acid
(DTPA) as DTPA-bis(stearyl amide) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-(PEG)-2000)-DTPA as (DSPE-PEG2000-DTPA). An atherosclerotic mouse model was
evaluated for clot-binding properties in vitro, contrast enhancement, and safety via mag-
netic and optical imaging. The results of in vivo imaging and optical studies of the aortas
and heart showed the fibrin specificity conferred by the peptide ligand. Biodistribution
studies confirmed that all micelles were cleared via renal clearance and the reticuloen-
dothelial system. These studies revealed the successful molecular imaging in vitro vs.
in vivo for site-specificity and provided a platform for the detection of thrombosis via
contrast-enhancing agents in theranostic applications. Kirana et al. [150] evaluated the
efficacy of artificially developed micelles using naturally developed micelles from pig
bile to assess the potential of inhibitors targeting cholesterol uptake in cultured Caco-2
cells. Overall, pig bile was a convenient and cost-effective source of micelles for cellular
uptake and cholesterol micelle solubility assays that was also efficient to screen potential
cholesterol lowering agents.

3.4. Magnetic Nanoparticles

During the last decades, magnetic NPs have been used at large scale in biomedical
applications, including as contrast agents in immunoassays, MRI, and cell sorting assays.
Among them, iron oxide-based magnetic NPs are most commonly employed due to their
lesser saturation magnetization, lower magnetic characteristics, and lower specific loss of
power compared with cobalt (Co) iron (Fe) nanomaterials. NPs such as perfluorocarbon
NPs and super magnetic NPs have been developed for MRI. These particles designed
to target specific receptors or epitopes in tissues are near to enter clinical trials for CVD
applications. As angiogenesis is the key part of atherosclerotic plaques, specific recognition
of angiogenesis in early vascular diseases is not possible. However, paramagnetic NPs can
spatially locate and measure atherosclerotic plaques in hyperlipidemic rabbits [151,152].
In this study atherosclerotic rabbits were treated with αvβ3-targeted paramagnetic NPs
including fumagillin and MRI signal assessments of neovascular proliferation within the
aortic wall. Magnetic NPs have physical and biological properties with desirable size
distribution, higher magnetic flux density with increasing penetrability, and an ability to
translate magnetic waves to heat energy, being both highly biocompatible and non-toxic.
SPIONs are among most used magnetic NPs and can serves as good nanotheranostics [153].
In biomedical applications, magnetic NPs are template particles (micelles, perfluorocarbon
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bubbles, lipid vesicles etc.) that may be modified with paramagnetic elements such as
chelated Gd or particles of metals with greater magnetization such as iron and cobalt.
In angiogenesis, integrin v3 is upregulated in the vascular endothelium, leading to the
development of functionalized magnetic NPs with v3-targeting ligands decorated with
Gd and the potential use of contrast-enhanced MRI for CVDs associated with angiogenic
vasculature [154,155].

3.5. Gold Nanoparticles

AuNPs provide suitable carrier systems in the field of nanotechnology, especially to
treat CVDs, due to their properties such as low cytotoxicity, stability, and biocompatibility.
They have a broad level of applications in biomedical science including molecular labeling
and drug delivery, with a significant stability in the circulatory system and ability to
decompose in a proper environment once reaching the target site. The large surface area
property of AuNPs allows their functionalization with a number of biological molecules
(ligands) including drugs, proteins, antibodies, and genes.

Work is ongoing for the imaging of CVDs based on the use of AuNPs with applications
in atherosclerotic lesions and inflammation [156]. Photothermal therapeutic strategies have
been also developed using the properties of Au for the preparation of vascular drug-
encapsulated nanostructures. The following reaction can assist in thermal instability of
NPs to liberate the encapsulated drugs at the respective targeting site. Researchers are
working to evaluate the role of macrophages in vascular lesions and their ability to uptake
AuNPs to facilitate contrasting enhanced intravascular photoimaging of cardiovascular
abnormalities. Moreover, AuNPs have also efficient antioxidant properties that may be
usefult to manage CVDs. The photothermal property of AuNPs was employed for plaque
specific delivery of such NPs for the diagnosis of photothermal revascularization of blocked
arteries [157]. Ghann and coworkers [158] encapsulated lisinopril as an active agent to
develop AuNP-based CT contrast agents. AuNP conjugated with pure lisinopril, reduced
thioctic lisinopril, or thioctic lisinopril were developed through ligand exchange reaction
on citrate-coated AuNPs. The higher stability properties of thioctic lisinopril AuNPs were
used to evaluate the targeting of angiotensin converting enzyme (ACE) using X-ray CT.
The images showed high contrast in the region of heart and lungs clearly indicating the
targeting of ACE and overexpression of ACE was related to the development of pulmonary
and cardiac fibrosis. This new strategy may serve as a useful tool to monitor cardiovascular
pathophysiology using CT imaging. AuNPs used alone or in combination may offer large
scale treatment and diagnosis approaches in CVDs.

3.6. Dendrimer Nanostructures

Dendrimer nanostructures exhibit tree-like architectures occurring via either the con-
vergent method or divergent method. Polyamido-amines are most common dendrimers
with nitric oxide (NO) as free radical for application in CVDs due to its prominent relaxing
action on vascular smooth muscle [159,160]. siRNA-based oligo-arginine conjugated den-
dritic delivery systems were used to silence ATIR expression in cardiomyocytes in vitro,
showing efficient storage of cardiac functions in case of ischemic reperfusion injury in
rats [161,162]. Lysine-based dendrimer architectures were also employed against atheroscle-
rosis, with dendritic assemblage in arterial walls resulting in the controlled release and
therapeutic delivery of NO [163,164]. Biocompatible and functionalized dendritic struc-
tures with cyclic RGD peptide containing entrapped 76Be has been site-specifically applied
for PET imaging in mice. Streptokinase-modified dendrimers synthesized with different
types of polymers (PLGA or chitosan or PEG, glycol chitosan) were shown to sustain the
delivery of anti-thrombotic agents in the circulation [152,163]. Figure 7 presents the general
structure of dendrimers.



Chemosensors 2021, 9, 67 15 of 26Chemosensors 2021, 9, x FOR PEER REVIEW 15 of 26 
 

 

 
Figure 7. Schematic representation of dendrimers. 

3.7. Carbon Nanotubes 
The architectural assembly of CNTs can be described as molded or wrapped graph-

eme sheets. The defined structure of CNTs provides significant physiochemical proper-
ties, enhanced surface area, high optical properties, strong mechanical stability, and en-
hanced electrical conductivity. 

Many studies reported the lack of toxicity of CNTs to deliver a variety of biological 
active molecules in vitro and in vivo for use in biomedical fields. For example, application 
of CNTs to cultured cardiomyocytes was shown to augment their viability and prolifera-
tion and to induce their maturation as reported when evaluating their electrophysiologi-
cal features, while these systems can provide support to the endothelial cells in blood ves-
sels for supplying oxygen to the heart muscle [165–167]. Garibaldi and coworkers [168] 
explored the potential of CNTs as biocompatible probes for applications in cardiomyocyte 
research. The authors reported that highly purified single walled CNTs had no toxic ef-
fects on the H9c2(2-1) rat cell line as seen by an estimation of cell proliferation and viability 
vs. apoptosis (tryptan blue exclusion, flow cytometry) and of morphological changes un-
der light microscopy, supporting further work for CVD diagnosis and treatment. 

3.8. Quantum Dots 
QDs are nanocrystals semiconductor with an average diameter of 10 nm. They pos-

sess size-dependent fluorescent properties and display different quantized energy levels. 
As QDs have some limitations regarding the clinical safety since they were use heavy 
metals that might cause toxicity or other side effects, recent work was developed to pre-
pare heavy metal-free QDs that are less toxic [169]. QDs of cadmium selenite encapsulated 
with zinc sulphide were developed over which polar polymeric biomolecules can be 
coated for targeted delivery as shown on Figure 8. 

 

Figure 7. Schematic representation of dendrimers.

3.7. Carbon Nanotubes

The architectural assembly of CNTs can be described as molded or wrapped grapheme
sheets. The defined structure of CNTs provides significant physiochemical properties,
enhanced surface area, high optical properties, strong mechanical stability, and enhanced
electrical conductivity.

Many studies reported the lack of toxicity of CNTs to deliver a variety of biological
active molecules in vitro and in vivo for use in biomedical fields. For example, application
of CNTs to cultured cardiomyocytes was shown to augment their viability and proliferation
and to induce their maturation as reported when evaluating their electrophysiological
features, while these systems can provide support to the endothelial cells in blood ves-
sels for supplying oxygen to the heart muscle [165–167]. Garibaldi and coworkers [168]
explored the potential of CNTs as biocompatible probes for applications in cardiomyocyte
research. The authors reported that highly purified single walled CNTs had no toxic effects
on the H9c2(2-1) rat cell line as seen by an estimation of cell proliferation and viability vs.
apoptosis (tryptan blue exclusion, flow cytometry) and of morphological changes under
light microscopy, supporting further work for CVD diagnosis and treatment.

3.8. Quantum Dots

QDs are nanocrystals semiconductor with an average diameter of 10 nm. They possess
size-dependent fluorescent properties and display different quantized energy levels. As
QDs have some limitations regarding the clinical safety since they were use heavy metals
that might cause toxicity or other side effects, recent work was developed to prepare heavy
metal-free QDs that are less toxic [169]. QDs of cadmium selenite encapsulated with zinc
sulphide were developed over which polar polymeric biomolecules can be coated for
targeted delivery as shown on Figure 8.

Ferrara and coworkers [170,171] explored different possibilities of QDs for stimulation
of cell adhesion molecules in targeting vascular diseases. In this purpose, QDs were func-
tionalized with specific antibodies directed to target specific types of CVDs. Yan et al. [172]
evaluated the vascular toxicity of mercapto-succinic acid-capped CdTe QDs in vitro. The
authors showed that CdTe QDs dose-dependently reduced the viability of human umbilical
vein endothelial cells (HUVECs), indicating CdTe QDs induced significant endothelial
toxicity. The results of immunofluorescence and cytometric analyses revelaed that QDs
elicited mitochondrial network fragmentation and significant oxidative stress along with
a disruption of membrane potential, suggesting that exposure to QDs is of significant
risk for the development of CVDs. Gilaizik et al. [173] worked on QDs and elaborated
optical features with great potential as imaging tools compared with other traditional
dyes, but again systemic toxicity limited their application in vivo. Vascular inflammation
is one of the features that take part in CVDs such as poor prognosis and restenosis with
enhanced numbers of monocyte-derived macrophages (MDMs). This study reported the
structural stability, cellular uptake, physiochemical characteristics and biodistribution
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of MDM-targeted liposomal QDs (LipQDs) following local intra-luminal intervention of
LipQDs in carotid injured rat relative to systemic intervention and imaging of QDs in the
arterial tissues. Compared with free QDs, the LipQDs had versatile properties such as
fluorescent stability, increased accumulation and retention for up to 24 h, and targeting
delivery enabling MDM imaging that may serve for screening purposes in injured arteries.
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4. Mechanisms of Nanodiagnosis, Imaging, and Nanotreatment of CVDs

The properties of nanomaterials including the multi-functionality and dual responsive
modalities of inorganic (metal-based NPs), organic (polymer-based NPs), carbon-based
(graphene), and lipid-based NPs make them promising tools in the field of CVD thera-
nostics. As mentioned earlier, various biomarkers (troponin I, cTnT) have been employed
in different diagnosis methods (ECL, EC, PEC, etc.) of CVDs [132,174]. Further improve-
ments have been performed to enhance the efficiency of NPs for CVD detection using
such biomarkers.

Electrochemical immunosensors composed of bioreceptor elements (antibodies, DNA,
cells, enzymes, etc) have been functionalized on the surface of different NPs to improve
their suitability as diagnosis tools. An amperometric sensor for the detection of cTnT
using an ionic organic molecule and chitosan-coated AuNPs that analyze the changes
in electrical currents caused by oxidation and reduction in biochemical reactions was
created for theranostic implementation [175,176]. The nanomaterials used to enhance the
ability of chemical biomarker for CVDs diagnosis include, among others, AuNPs, graphene
oxide, Co3O4, AgNPs, MOFs carbon dots, and Fe3O4 NPs. The intrinsic ability of NPs for
external and internal drug transportation make them ideal carrier systems for imaging in
CVDs. Gd.DTPA encapsulation in PLGA or polylactide-PEG NPs was reported to support
a prolonged availability of the compound in the blood circulation for early diagnosis and
imaging at the disease site [177]. SPIONs have been broadly used as contrast agents in
several diagnosis, imaging, and treatment methods. Gd NPs act as T1 contrast agents
while Fe3O4 acts as a T2 contrast agent. A combined, dual model system was developed
to take advantage of both effects of T1 and T2 contrast agents. Core-shell Fe3O4/Gd2O3
nanocubes were fabricated to overcome the fasle imaging signals during implementation
in vivo. Further functionalization of these NPs with an antibody against profilin-1 resulted
in effective imaging and targeting of the atherosclerotic plaque in the carotid artery [178].
Coating of iron oxide NPs with gold can also afford protection against electrochemical
reactions. Such NPs labeled with 99mTc and coated with annexin V enabled the targeting
of apoptotic macrophages for a dual modal detection of vulnerable plaques. Treatment
approaches used for clot dissolution include the use of nanovesicles directly targeting and
binding to integrin GPIIb-IIIa and P-selectin on activated platelets. Fluorescent imaging
was used to monitor the status of clots in the systemic circulation. Apart from thrombolytic
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agents, several techniques have been used to address thrombosis [177,179]. PLGA NPs
encapsulated with small Fe3O4 NPs and perfluorohexane were modified with a CREKA
peptide for imaging and thrombolysis. NPs have been also used with larger devices to
recanalize the arteries and achieve required features. Stent-coated polymeric NPs loaded
with sirolimus were used as very efficient systems for optimal outcomes. A multi-functional
bioresorable electronic stent was successfully generated to promote flow sensing, wireless
power data transmission, inflammation suppression, and localized drug delivery [177].
Mesoporous silica AuNPs were also integrated for their enhanced efficacy in CVDs in
several in vitro, ex vivo, and in vivo settings [180].

The mechanisms of action of these multiple responsive NPs are depicted on Figure 9
showing how their functionalization supports nanotreatment and nanodiagnosis applica-
tions at the disease site and how they act as biosensors. Specifically, Figure 9A shows an
USPION system functionalized with 99Tc label and annexin V and displaying a phospho-
tidylserine on their surface for dual modality imaging and to target apoptotic cells at the
disease site. The method of implementation serves as a basis for the nanodiagnosis and
nanotreatment of CVDs and functionalization/coating further amplifies the theranostic
benefits for the diseases.
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(B) Application of the biosensor approach to detect cardiac markers in CVD patients’ blood where the sensor uses biocatalysts
such as DNA, enzymes, cell, antibody to detect specific cardiobiomarkers.

5. Conclusions, Challenges, and Perspectives

Nanomaterial applications may significantly enhance the number of tools available to
clinicians against several life threating diseases such as CVDs. The potential use and efficacy
of different nanomaterials including liposomes, CNTs, and polymeric NPs are considered
as breakthroughs in a world of conventional materials. New strategies and techniques will
emerge with advancements in nanoscience. The predictability of the treatments of CVDs
can be further improved and transformed as more promises in nanomaterials are becoming
a reality.

Existing medical problems for CVDs include the generation of simple, detailed clinical
diagnostic decisions and the regular monitoring of drug responses. Various platforms have
been proposed to address such challenges. The specificity and sensitivity of diagnostic
devices could be improved by nanosensors. In the diagnostic development of CVDs,
biosensor engineering using biomarkers plays a critical role. For multiple disease marker
detection and accurate diagnosis of heart disease, the creation of highly specific and
responsive biosensor platforms using well-established surface chemistry and nanomaterials
is critical. Simultaneous detection of several biomarkers with a single experiment using
limited blood sample volumes significantly increases the validity of the system with
reduced diagnostic costs in disease stage measurement. Combining existing methods such
as microfluidics, proteomics, and polymer science with the discovery of biomarkers and
the development of biosensors can also provide miniaturized, easy-to-use, accurate, and
cost-effective instruments for biosensing.

While significant advances have been made in nanotechnology for the diagnosis of
CVDs, early-stage diagnosis is still difficult because symptoms are unclear and as the level
of expression of early-stage cardiac biomarkers is relatively low for detection, making
nanotechnological testing still challenging. The sensitivity and specificity of the biomarker
is an important concern. Previous research showed that there may be inadequate single
markers, leading to a lack of sensitivity and specificity for correct CVD diagnosis. Due
to the uncertainty, heterogeneity, and variability of pathogenesis in various populations,
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it is impractical to have clear diagnosis results using one single biomarker. Additionally,
during the development of pathologies, biomarkers may be differently controlled.

The expanded use of nanomaterials in a wide variety of biomedical applications, on the
other hand, also raises concerns regarding their toxicity. It is stated that the morphological
and physicochemical properties of nanomaterials useful for their biomedical applications
play an important role in determining their toxicity in various organs including the liver,
kidney, skin, brain, heart, etc. While nanomaterials have significant undesirable side
effects in various experimental models, their toxicity may be minimized or eliminated by
engineering their surfaces with various types of natural or synthetic polymers or other
compounds. While many studies are available focusing on biomedical applications of
nanomaterials and on their toxicity, there is still no in-depth information available covering
all these aspects.

Finally, more research is needed to highlight the combination of advanced computa-
tional methods (e.g., machine learning) capable of developing objective and automated
algorithms for large-scale and high-dimensional-multiplexed data analysis, which are
intended to greatly enhance the efficiency and accuracy of diagnosis of CVDs in the future.
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74. Şahin, B.; İlgün, G. Risk factors of deaths related to cardiovascular diseases in World Health Organization (WHO) member
countries. Health Soc. Care Community 2020. [CrossRef]

75. Zhu, C.; Yang, G.; Li, H.; Du, D.; Lin, Y. Electrochemical sensors and biosensors based on nanomaterials and nanostructures. Anal.
Chem. 2015, 87, 230–249. [CrossRef]

76. Chen, K.-I.; Li, B.-R.; Chen, Y.-T. Silicon nanowire field-effect transistor-based biosensors for biomedical diagnosis and cellular
recording investigation. Nano Today 2011, 6, 131–154. [CrossRef]

77. Surya, S.G.; Majhi, S.M.; Agarwal, D.K.; Lahcen, A.A.; Yuvaraja, S.; Chappanda, K.N.; Salama, K.N. A label-free aptasensor FET
based on Au nanoparticle decorated Co3O4 nanorods and a SWCNT layer for detection of cardiac troponin T protein. J. Mater.
Chem. B 2020, 8, 18–26. [CrossRef] [PubMed]

78. Chen, A.; Chatterjee, S. Nanomaterials based electrochemical sensors for biomedical applications. Chem. Soc. Rev. 2013, 42,
5425–5438. [CrossRef] [PubMed]

79. Song, Y.; Shen, Y.; Chen, J.; Song, Y.; Gong, C.; Wang, L. A pH-dependent electrochemical immunosensor based on integrated
macroporous carbon electrode for assay of carcinoembryonic antigen. Electrochim. Acta 2016, 211, 297–304. [CrossRef]

80. Wang, B.; Jing, R.; Qi, H.; Gao, Q.; Zhang, C. Label-free electrochemical impedance peptide-based biosensor for the detection of
cardiac troponin I incorporating gold nanoparticles modified carbon electrode. J. Electroanal. Chem. 2016, 781, 212–217. [CrossRef]

81. Sharma, A.; Bhardwaj, J.; Jang, J. Label-free, highly sensitive electrochemical aptasensors using polymer-modified reduced
graphene oxide for cardiac biomarker detection. ACS Omega 2020, 5, 3924–3931. [CrossRef]

82. Olubamwo, O.O.; Virtanen, J.K.; Voutilainen, A.; Kauhanen, J.; Pihlajamäki, J.; Tuomainen, T.-P. Association of fatty liver index
with the risk of incident cardiovascular disease and acute myocardial infarction. Eur. J. Gastroenterol. Hepatol. 2018, 30, 1047–1054.
[CrossRef]

83. Grabowska, I.; Sharma, N.; Vasilescu, A.; Iancu, M.; Badea, G.; Boukherroub, R.; Ogale, S.; Szunerits, S. Electrochemical
aptamer-based biosensors for the detection of cardiac biomarkers. ACS Omega 2018, 3, 12010–12018. [CrossRef]

84. Cao, Z.; Jia, Y.; Zhu, B. Bnp and nt-probnp as diagnostic biomarkers for cardiac dysfunction in both clinical and forensic medicine.
Int. J. Mol. Sci. 2019, 20, 1820. [CrossRef] [PubMed]

85. Hicks, J.M. Fluorescence immunoassay. Hum. Pathol. 1984, 15, 112–116. [CrossRef]
86. Miao, L.; Jiao, L.; Tang, Q.; Li, H.; Zhang, L.; Wei, Q. A nanozyme-linked immunosorbent assay for dual-modal colorimetric and

ratiometric fluorescent detection of cardiac troponin I. Sens. Actuators B Chem. 2019, 288, 60–64. [CrossRef]
87. Gogoi, S.; Khan, R. Fluorescence immunosensor for cardiac troponin T based on Förster resonance energy transfer (FRET) between

carbon dot and MoS 2 nano-couple. Phys. Chem. Chem. Phys. 2018, 20, 16501–16509. [CrossRef]
88. Guo, Z.; Hao, T.; Du, S.; Chen, B.; Wang, Z.; Li, X.; Wang, S. Multiplex electrochemiluminescence immunoassay of two tumor

markers using multicolor quantum dots as labels and graphene asconductingbridge. Biosens. Bioelectron. 2013, 44, 101–107.
[CrossRef]

89. Dong, X.; Zhao, G.; Li, X.; Miao, J.; Fang, J.; Wei, Q.; Cao, W. Electrochemiluminescence immunoassay for the N-terminal
pro-B-type natriuretic peptide based on resonance energy transfer between a self-enhanced luminophore composed of silver
nanocubes on gold nanoparticles and a metal-organic framework of type MIL-125. Microchim. Acta 2019, 186, 811. [CrossRef]
[PubMed]

http://doi.org/10.1038/aps.2017.196
http://doi.org/10.3389/fgene.2019.00950
http://doi.org/10.3390/biomedicines8120552
http://www.ncbi.nlm.nih.gov/pubmed/33265898
http://doi.org/10.1016/j.jdiacomp.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26965796
http://doi.org/10.1161/JAHA.118.008564
http://www.ncbi.nlm.nih.gov/pubmed/29954746
http://doi.org/10.1016/j.jcmg.2020.04.020
http://doi.org/10.1007/s12350-019-02019-w
http://www.ncbi.nlm.nih.gov/pubmed/31939039
http://doi.org/10.1038/nrcardio.2009.77
http://doi.org/10.1016/j.jcmg.2013.09.014
http://www.ncbi.nlm.nih.gov/pubmed/24332285
http://doi.org/10.1111/hsc.13156
http://doi.org/10.1021/ac5039863
http://doi.org/10.1016/j.nantod.2011.02.001
http://doi.org/10.1039/C9TB01989H
http://www.ncbi.nlm.nih.gov/pubmed/31782481
http://doi.org/10.1039/c3cs35518g
http://www.ncbi.nlm.nih.gov/pubmed/23508125
http://doi.org/10.1016/j.electacta.2016.06.063
http://doi.org/10.1016/j.jelechem.2016.08.005
http://doi.org/10.1021/acsomega.9b03368
http://doi.org/10.1097/MEG.0000000000001183
http://doi.org/10.1021/acsomega.8b01558
http://doi.org/10.3390/ijms20081820
http://www.ncbi.nlm.nih.gov/pubmed/31013779
http://doi.org/10.1016/S0046-8177(84)80049-0
http://doi.org/10.1016/j.snb.2019.02.111
http://doi.org/10.1039/C8CP02433B
http://doi.org/10.1016/j.bios.2013.01.025
http://doi.org/10.1007/s00604-019-3969-5
http://www.ncbi.nlm.nih.gov/pubmed/31745662


Chemosensors 2021, 9, 67 23 of 26

90. Wu, L.; Chu, H.; Koh, W.; Li, E. Highly sensitive graphene biosensors based on surface plasmon resonance. Opt. Express 2010, 18,
14395–14400. [CrossRef] [PubMed]

91. Chen, F.; Wu, Q.; Song, D.; Wang, X.; Ma, P.; Sun, Y. Fe3O4@ PDA immune probe-based signal amplification in surface plasmon
resonance (SPR) biosensing of human cardiac troponin I. Colloids Surf. B Biointerfaces 2019, 177, 105–111. [CrossRef] [PubMed]

92. Wu, L.; Li, G.; Xu, X.; Zhu, L.; Huang, R.; Chen, X. Application of nano-ELISA in food analysis: Recent advances and challenges.
TrAC Trends Anal. Chem. 2019, 113, 140–156. [CrossRef]

93. Jiao, L.; Zhang, L.; Du, W.; Li, H.; Yang, D.; Zhu, C. Au@ Pt nanodendrites enhanced multimodal enzyme-linked immunosorbent
assay. Nanoscale 2019, 11, 8798–8802. [CrossRef] [PubMed]

94. Zheng, Y.; Liang, W.; Yuan, Y.; Xiong, C.; Xie, S.; Wang, H.; Chai, Y.; Yuan, R. Wavelength-resolved simultaneous photoelectro-
chemical bifunctional sensor on single interface: A newly in vitro approach for multiplexed DNA monitoring in cancer cells.
Biosens. Bioelectron. 2016, 81, 423–430. [CrossRef] [PubMed]

95. Xue, T.-Y.; Mei, L.-P.; Xu, Y.-T.; Liu, Y.-L.; Fan, G.-C.; Li, H.-Y.; Ye, D.; Zhao, W.-W. Nanoporous semiconductor electrode
captures the quantum dots: Toward ultrasensitive signal-on liposomal photoelectrochemical immunoassay. Anal. Chem. 2019, 91,
3795–3799. [CrossRef]

96. Granger, J.H.; Granger, M.C.; Firpo, M.A.; Mulvihill, S.J.; Porter, M.D. Toward development of a surface-enhanced Raman
scattering (SERS)-based cancer diagnostic immunoassay panel. Analyst 2013, 138, 410–416. [CrossRef] [PubMed]

97. Fu, X.; Wang, Y.; Liu, Y.; Liu, H.; Fu, L.; Wen, J.; Li, J.; Wei, P.; Chen, L. A graphene oxide/gold nanoparticle-based amplification
method for SERS immunoassay of cardiac troponin I. Analyst 2019, 144, 1582–1589. [CrossRef]

98. Shim, M.S.; Kwon, Y.J. Stimuli-responsive polymers and nanomaterials for gene delivery and imaging applications. Adv. Drug
Deliv. Rev. 2012, 64, 1046–1059. [CrossRef]

99. Liu, J.; Lécuyer, T.; Seguin, J.; Mignet, N.; Scherman, D.; Viana, B.; Richard, C. Imaging and therapeutic applications of persistent
luminescence nanomaterials. Adv. Drug Deliv. Rev. 2019, 138, 193–210. [CrossRef] [PubMed]

100. Zhang, C.; Wu, W.; Li, R.Q.; Qiu, W.X.; Zhuang, Z.N.; Cheng, S.X.; Zhang, X.Z. Peptide-based multifunctional nanomaterials for
tumor imaging and therapy. Adv. Funct. Mater. 2018, 28, 1804492. [CrossRef]

101. Rosenkrans, Z.T.; Ferreira, C.A.; Ni, D.; Cai, W. Internally responsive nanomaterials for activatable multimodal imaging of cancer.
Adv. Healthc. Mater. 2020, 2000690. [CrossRef] [PubMed]

102. Zhang, Q.; Iwakuma, N.; Sharma, P.; Moudgil, B.; Wu, C.; McNeill, J.; Jiang, H.; Grobmyer, S. Gold nanoparticles as a contrast
agent for in vivo tumor imaging with photoacoustic tomography. Nanotechnology 2009, 20, 395102. [CrossRef]

103. Li, W.; Chen, X. Gold nanoparticles for photoacoustic imaging. Nanomedicine 2015, 10, 299–320. [CrossRef]
104. Rouleau, L.; Berti, R.; Ng, V.W.; Matteau-Pelletier, C.; Lam, T.; Saboural, P.; Kakkar, A.K.; Lesage, F.; Rhéaume, E.; Tardif, J.C.

VCAM-1-targeting gold nanoshell probe for photoacoustic imaging of atherosclerotic plaque in mice. Contrast Media Mol. Imaging
2013, 8, 27–39. [CrossRef] [PubMed]

105. Leung, K. Polyethylene glycol–coated gold nanoshells conjugated with anti-VCAM-1 antibody. In Molecular Imaging and Contrast
Agent Database (MICAD); National Center for Biotechnology Information (US): Bethesda, MD, USA, 2013.

106. Jang, I.-K.; Bouma, B.E.; Kang, D.-H.; Park, S.-J.; Park, S.-W.; Seung, K.-B.; Choi, K.-B.; Shishkov, M.; Schlendorf, K.; Pomerantsev, E.
Visualization of coronary atherosclerotic plaques in patients using optical coherence tomography: Comparison with intravascular
ultrasound. J. Am. Coll. Cardiol. 2002, 39, 604–609. [CrossRef]

107. Yelbuz, T.M.; Choma, M.A.; Thrane, L.; Kirby, M.L.; Izatt, J.A. Optical coherence tomography: A new high-resolution imaging
technology to study cardiac development in chick embryos. Circulation 2002, 106, 2771–2774. [CrossRef]

108. Hu, J.; Sanz-Rodríguez, F.; Rivero, F.; Rodríguez, E.M.; Torres, R.A.; Ortgies, D.H.; Solé, J.G.; Alfonso, F.; Jaque, D. Gold nanoshells:
Contrast agents for cell imaging by cardiovascular optical coherence tomography. Nano Res. 2018, 11, 676–685. [CrossRef]

109. Van Straaten, E.; Scheltens, P.; Barkhof, F. MRI and CT in the diagnosis of vascular dementia. J. Neurol. Sci. 2004, 226, 9–12.
[CrossRef]

110. Maccioni, F.; Bruni, A.; Viscido, A.; Colaiacomo, M.C.; Cocco, A.; Montesani, C.; Caprilli, R.; Marini, M. MR imaging in patients
with Crohn disease: Value of T2-versus T1-weighted gadolinium-enhanced MR sequences with use of an oral superparamagnetic
contrast agent. Radiology 2006, 238, 517–530. [CrossRef] [PubMed]

111. Laurent, S.; Henoumont, C.; Stanicki, D.; Boutry, S.; Lipani, E.; Belaid, S.; Muller, R.N.; Vander Elst, L. Superparamagnetic iron
oxide nanoparticles. In MRI Contrast Agents; Springer: Berlin/Heidelberg, Germany, 2017; pp. 55–109.

112. Qin, M.; Peng, Y.; Xu, M.; Yan, H.; Cheng, Y.; Zhang, X.; Huang, D.; Chen, W.; Meng, Y. Uniform Fe3O4/Gd2O3-DHCA nanocubes
for dual-mode MR imaging. Beilstein Arch. 2020, 2020, 50.

113. Jiang, W.; Rutherford, D.; Vuong, T.; Liu, H. Nanomaterials for treating cardiovascular diseases: A review. Bioact. Mater. 2017, 2,
185–198. [CrossRef] [PubMed]

114. Barani, M.; Bilal, M.; Rahdar, A.; Arshad, R.; Kumar, A.; Hamishekar, H.; Kyzas, G.Z. Nanodiagnosis and nanotreatment of
colorectal cancer: An overview. J. Nanopart. Res. 2021, 23, 18. [CrossRef]

115. Barani, M.; Bilal, M.; Sabir, F.; Rahdar, A.; Kyzas, G.Z. Nanotechnology in ovarian cancer: Diagnosis and treatment. Life Sci. 2020,
266, 118914. [CrossRef]

116. Barani, M.; Mukhtar, M.; Rahdar, A.; Sargazi, G.; Thysiadou, A.; Kyzas, G.Z. Progress in the application of nanoparticles and
graphene as drug carriers and on the diagnosis of brain infections. Molecules 2021, 26, 186. [CrossRef]

http://doi.org/10.1364/OE.18.014395
http://www.ncbi.nlm.nih.gov/pubmed/20639924
http://doi.org/10.1016/j.colsurfb.2019.01.053
http://www.ncbi.nlm.nih.gov/pubmed/30711758
http://doi.org/10.1016/j.trac.2019.02.002
http://doi.org/10.1039/C8NR08741E
http://www.ncbi.nlm.nih.gov/pubmed/30820494
http://doi.org/10.1016/j.bios.2016.03.032
http://www.ncbi.nlm.nih.gov/pubmed/27003607
http://doi.org/10.1021/acs.analchem.9b00170
http://doi.org/10.1039/C2AN36128K
http://www.ncbi.nlm.nih.gov/pubmed/23150876
http://doi.org/10.1039/C8AN02022A
http://doi.org/10.1016/j.addr.2012.01.018
http://doi.org/10.1016/j.addr.2018.10.015
http://www.ncbi.nlm.nih.gov/pubmed/30414492
http://doi.org/10.1002/adfm.201804492
http://doi.org/10.1002/adhm.202000690
http://www.ncbi.nlm.nih.gov/pubmed/32691969
http://doi.org/10.1088/0957-4484/20/39/395102
http://doi.org/10.2217/nnm.14.169
http://doi.org/10.1002/cmmi.1491
http://www.ncbi.nlm.nih.gov/pubmed/23109390
http://doi.org/10.1016/S0735-1097(01)01799-5
http://doi.org/10.1161/01.CIR.0000042672.51054.7B
http://doi.org/10.1007/s12274-017-1674-4
http://doi.org/10.1016/j.jns.2004.09.003
http://doi.org/10.1148/radiol.2381040244
http://www.ncbi.nlm.nih.gov/pubmed/16371574
http://doi.org/10.1016/j.bioactmat.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29744429
http://doi.org/10.1007/s11051-020-05129-6
http://doi.org/10.1016/j.lfs.2020.118914
http://doi.org/10.3390/molecules26010186


Chemosensors 2021, 9, 67 24 of 26

117. Barani, M.; Mukhtar, M.; Rahdar, A.; Sargazi, S.; Pandey, S.; Kang, M. Recent advances in nanotechnology-based diagnosis and
treatments of human osteosarcoma. Biosensors 2021, 11, 55. [CrossRef]

118. Ghazy, E.; Kumar, A.; Barani, M.; Kaur, I.; Rahdar, A.; Behl, T. Scrutinizing the therapeutic and diagnostic potential of nan-
otechnology in thyroid cancer: Edifying drug targeting by nano-oncotherapeutics. J. Drug Deliv. Sci. Technol. 2020, 61, 102221.
[CrossRef]

119. Hasanein, P.; Rahdar, A.; Barani, M.; Baino, F.; Yari, S. Oil-in-water microemulsion encapsulation of antagonist drugs prevents
renal ischemia-reperfusion injury in rats. Appl. Sci. 2021, 11, 1264. [CrossRef]

120. Mukhtar, M.; Bilal, M.; Rahdar, A.; Barani, M.; Arshad, R.; Behl, T.; Brisc, C.; Banica, F.; Bungau, S. Nanomaterials for diagnosis
and treatment of brain cancer: Recent updates. Chemosensors 2020, 8, 117. [CrossRef]

121. Qindeel, M.; Barani, M.; Rahdar, A.; Arshad, R.; Cucchiarini, M. Nanomaterials for the diagnosis and treatment of urinary tract
infections. Nanomaterials 2021, 11, 546. [CrossRef]

122. Rahdar, A.; Hajinezhad, M.R.; Sargazi, S.; Bilal, M.; Barani, M.; Karimi, P.; Kyzas, G.Z. Biochemical effects of deferasirox and
deferasirox-loaded nanomicellesin iron-intoxicated rats. Life Sci. 2021, 270, 119146. [CrossRef]

123. Rahdar, A.; Sargazi, S.; Barani, M.; Shahraki, S.; Sabir, F.; Aboudzadeh, M.A. Lignin-stabilized doxorubicin microemulsions:
Synthesis, physical characterization, and in vitro assessments. Polymers 2021, 13, 641. [CrossRef]

124. Sabir, F.; Barani, M.; Rahdar, A.; Bilal, M.; Nadeem, M. How to face skin cancer with nanomaterials: A review. Biointerface Res.
Appl. Chem. 2021, 11, 11931–11955.

125. Bao, L.; You, B.; Shi, S.; Shan, Y.; Zhang, Q.; Yue, H.; Zhang, J.; Zhang, W.; Shi, Y.; Liu, Y. Metastasis-associated miR-23a from
nasopharyngeal carcinoma-derived exosomes mediates angiogenesis by repressing a novel target gene TSGA10. Oncogene 2018,
37, 2873–2889. [CrossRef]

126. Wang, K.; Li, Y.-F.; Lv, Q.; Li, X.-M.; Dai, Y.; Wei, Z.-F. Bergenin, acting as an agonist of PPARγ, ameliorates experimental colitis in
mice through improving expression of SIRT1, and therefore inhibiting NF-κB-mediated macrophage activation. Front. Pharmacol.
2018, 8, 981. [CrossRef] [PubMed]

127. Elsabahy, M.; Wooley, K.L. Design of polymeric nanoparticles for biomedical delivery applications. Chem. Soc. Rev. 2012, 41,
2545–2561. [CrossRef] [PubMed]

128. Vimbela, G.V.; Ngo, S.M.; Fraze, C.; Yang, L.; Stout, D.A. Antibacterial properties and toxicity from metallic nanomaterials. Int. J.
Nanomed. 2017, 12, 3941. [CrossRef] [PubMed]

129. Cagel, M.; Tesan, F.C.; Bernabeu, E.; Salgueiro, M.J.; Zubillaga, M.B.; Moretton, M.A.; Chiappetta, D.A. Polymeric mixed micelles
as nanomedicines: Achievements and perspectives. Eur. J. Pharm. Biopharm. 2017, 113, 211–228. [CrossRef] [PubMed]

130. Wang, X.-F.; Xiao, H.; Chen, P.-Z.; Yang, Q.-Z.; Chen, B.; Tung, C.-H.; Chen, Y.-Z.; Wu, L.-Z. Pure organic room temperature
phosphorescence from excited dimers in self-assembled nanoparticles under visible and near-infrared irradiation in water. J. Am.
Chem. Soc. 2019, 141, 5045–5050. [CrossRef] [PubMed]

131. Yu, Y.; Shi, Y.; Zhang, B. Synergetic transformation of solid inorganic–organic hybrids into advanced nanomaterials for catalytic
water splitting. Acc. Chem. Res. 2018, 51, 1711–1721. [CrossRef]

132. Pala, R.; Pattnaik, S.; Busi, S.; Nauli, S.M. Nanomaterials as novel cardiovascular theranostics. Pharmaceutics 2021, 13, 348.
[CrossRef]

133. Nicolosi, D.; Scalia, M.; Nicolosi, V.M.; Pignatello, R. Encapsulation in fusogenic liposomes broadens the spectrum of action of
vancomycin against Gram-negative bacteria. Int. J. Antimicrob. Agents 2010, 35, 553–558. [CrossRef] [PubMed]

134. Darwitan, A.; Wong, Y.S.; Nguyen, L.T.; Czarny, B.; Vincent, A.; Nedumaran, A.M.; Tan, Y.F.; Muktabar, A.; Tang, J.K.; Ng, K.W.
Liposomal nanotherapy for treatment of atherosclerosis. Adv. Healthc. Mater. 2020, 9, 2000465. [CrossRef]

135. Matoba, T.; Koga, J.-I.; Nakano, K.; Egashira, K.; Tsutsui, H. Nanoparticle-mediated drug delivery system for atherosclerotic
cardiovascular disease. J. Cardiol. 2017, 70, 206–211. [CrossRef] [PubMed]

136. Dasa, S.S.K.; Suzuki, R.; Gutknecht, M.; Brinton, L.T.; Tian, Y.; Michaelsson, E.; Lindfors, L.; Klibanov, A.L.; French, B.A.; Kelly,
K.A. Development of target-specific liposomes for delivering small molecule drugs after reperfused myocardial infarction. J.
Control. Release 2015, 220, 556–567. [CrossRef] [PubMed]

137. Lestini, B.J.; Sagnella, S.M.; Xu, Z.; Shive, M.S.; Richter, N.J.; Jayaseharan, J.; Case, A.J.; Kottke-Marchant, K.; Anderson, J.M.;
Marchant, R.E. Surface modification of liposomes for selective cell targeting in cardiovascular drug delivery. J. Control. Release
2002, 78, 235–247. [CrossRef]

138. Van der Valk, F.M.; van Wijk, D.F.; Lobatto, M.E.; Verberne, H.J.; Storm, G.; Willems, M.C.; Legemate, D.A.; Nederveen, A.J.;
Calcagno, C.; Mani, V. Prednisolone-containing liposomes accumulate in human atherosclerotic macrophages upon intravenous
administration. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 1039–1046. [CrossRef] [PubMed]

139. Laing, S.T.; Moody, M.R.; Kim, H.; Smulevitz, B.; Huang, S.-L.; Holland, C.K.; McPherson, D.D.; Klegerman, M.E. Thrombolytic
efficacy of tissue plasminogen activator-loaded echogenic liposomes in a rabbit thrombus model. Thromb. Res. 2012, 130, 629–635.
[CrossRef]

140. Zhong, H.; Deng, Y.; Wang, X.; Yang, B. Multivesicular liposome formulation for the sustained delivery of breviscapine. Int. J.
Pharm. 2005, 301, 15–24. [CrossRef]

141. Huang, G.; Zhou, Z.; Srinivasan, R.; Penn, M.S.; Kottke-Marchant, K.; Marchant, R.E.; Gupta, A.S. Affinity manipulation of
surface-conjugated RGD peptide to modulate binding of liposomes to activated platelets. Biomaterials 2008, 29, 1676–1685.
[CrossRef]

http://doi.org/10.3390/bios11020055
http://doi.org/10.1016/j.jddst.2020.102221
http://doi.org/10.3390/app11031264
http://doi.org/10.3390/chemosensors8040117
http://doi.org/10.3390/nano11020546
http://doi.org/10.1016/j.lfs.2021.119146
http://doi.org/10.3390/polym13040641
http://doi.org/10.1038/s41388-018-0183-6
http://doi.org/10.3389/fphar.2017.00981
http://www.ncbi.nlm.nih.gov/pubmed/29375382
http://doi.org/10.1039/c2cs15327k
http://www.ncbi.nlm.nih.gov/pubmed/22334259
http://doi.org/10.2147/IJN.S134526
http://www.ncbi.nlm.nih.gov/pubmed/28579779
http://doi.org/10.1016/j.ejpb.2016.12.019
http://www.ncbi.nlm.nih.gov/pubmed/28087380
http://doi.org/10.1021/jacs.9b00859
http://www.ncbi.nlm.nih.gov/pubmed/30827093
http://doi.org/10.1021/acs.accounts.8b00193
http://doi.org/10.3390/pharmaceutics13030348
http://doi.org/10.1016/j.ijantimicag.2010.01.015
http://www.ncbi.nlm.nih.gov/pubmed/20219328
http://doi.org/10.1002/adhm.202000465
http://doi.org/10.1016/j.jjcc.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28416142
http://doi.org/10.1016/j.jconrel.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26122651
http://doi.org/10.1016/S0168-3659(01)00505-3
http://doi.org/10.1016/j.nano.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25791806
http://doi.org/10.1016/j.thromres.2011.11.010
http://doi.org/10.1016/j.ijpharm.2005.04.001
http://doi.org/10.1016/j.biomaterials.2007.12.015


Chemosensors 2021, 9, 67 25 of 26

142. Januzzi, J.L., Jr.; Maisel, A.S.; Silver, M.; Xue, Y.; DeFilippi, C. Natriuretic peptide testing for predicting adverse events following
heart failure hospitalization. Congest. Heart Fail. 2012, 18, S9–S13. [CrossRef]

143. Al Meslmani, B.M.; Mahmoud, G.F.; Bakowsky, U. Development of expanded polytetrafluoroethylene cardiovascular graft
platform based on immobilization of poly lactic-co-glycolic acid nanoparticles using a wet chemical modification technique. Int. J.
Pharm. 2017, 529, 238–244. [CrossRef]

144. Ahadian, S.; Huyer, L.D.; Estili, M.; Yee, B.; Smith, N.; Xu, Z.; Sun, Y.; Radisic, M. Moldable elastomeric polyester-carbon nanotube
scaffolds for cardiac tissue engineering. Acta Biomater. 2017, 52, 81–91. [CrossRef] [PubMed]

145. Wennink, J.W.; Liu, Y.; Mäkinen, P.I.; Setaro, F.; de la Escosura, A.; Bourajjaj, M.; Lappalainen, J.P.; Holappa, L.P.; van den
Dikkenberg, J.B.; Al Fartousi, M. Macrophage selective photodynamic therapy by meta-tetra (hydroxyphenyl) chlorin loaded
polymeric micelles: A possible treatment for cardiovascular diseases. Eur. J. Pharm. Sci. 2017, 107, 112–125. [CrossRef] [PubMed]

146. Cormode, D.P.; Naha, P.C.; Fayad, Z.A. Nanoparticle contrast agents for computed tomography: A focus on micelles. Contrast
Media Mol. Imaging 2014, 9, 37–52. [CrossRef] [PubMed]

147. Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958–969. [CrossRef]
[PubMed]

148. Nakashiro, S.; Matoba, T.; Umezu, R.; Koga, J.-i.; Tokutome, M.; Katsuki, S.; Nakano, K.; Sunagawa, K.; Egashira, K. Pioglitazone-
incorporated nanoparticles prevent plaque destabilization and rupture by regulating monocyte/macrophage differentiation in
ApoE−/− mice. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 491–500. [CrossRef] [PubMed]

149. Yoo, S.P.; Pineda, F.; Barrett, J.C.; Poon, C.; Tirrell, M.; Chung, E.J. Gadolinium-functionalized peptide amphiphile micelles for
multimodal imaging of atherosclerotic lesions. ACS Omega 2016, 1, 996–1003. [CrossRef]

150. Kirana, C.; Rogers, P.F.; Bennett, L.E.; Abeywardena, M.Y.; Patten, G.S. Naturally derived micelles for rapid in vitro screening of
potential cholesterol-lowering bioactives. J. Agric. Food Chem. 2005, 53, 4623–4627. [CrossRef] [PubMed]

151. Wang, S.; Wang, S.; Yu, X.; Zeng, J.; Li, H.; Yang, R.; Chen, W.; Dong, J. Magnetic nanoparticles functionalized with immobilized
apolipoprotein antibodies for direct detection of non-high density lipoprotein cholesterol in human serum. Chem. Eng. J. 2020,
385, 123465. [CrossRef]

152. A Sharma, P.; Maheshwari, R.; Tekade, M.; Kumar Tekade, R. Nanomaterial based approaches for the diagnosis and therapy of
cardiovascular diseases. Curr. Pharm. Des. 2015, 21, 4465–4478. [CrossRef]

153. Kievit, F.M.; Veiseh, O.; Fang, C.; Bhattarai, N.; Lee, D.; Ellenbogen, R.G.; Zhang, M. Chlorotoxin labeled magnetic nanovectors
for targeted gene delivery to glioma. ACS Nano 2010, 4, 4587–4594. [CrossRef] [PubMed]

154. Ito, A.; Shinkai, M.; Honda, H.; Kobayashi, T. Medical application of functionalized magnetic nanoparticles. J. Biosci. Bioeng. 2005,
100, 1–11. [CrossRef]

155. Mouli, S.K.; Tyler, P.; McDevitt, J.L.; Eifler, A.C.; Guo, Y.; Nicolai, J.; Lewandowski, R.J.; Li, W.; Procissi, D.; Ryu, R.K. Image-guided
local delivery strategies enhance therapeutic nanoparticle uptake in solid tumors. ACS Nano 2013, 7, 7724–7733. [CrossRef]
[PubMed]

156. Chen, C.-C.; Lin, Y.-P.; Wang, C.-W.; Tzeng, H.-C.; Wu, C.-H.; Chen, Y.-C.; Chen, C.-P.; Chen, L.-C.; Wu, Y.-C. DNA− gold nanorod
conjugates for remote control of localized gene expression by near infrared irradiation. J. Am. Chem. Soc. 2006, 128, 3709–3715.
[CrossRef]

157. Chithrani, B.D.; Chan, W.C. Elucidating the mechanism of cellular uptake and removal of protein-coated gold nanoparticles of
different sizes and shapes. Nano Lett. 2007, 7, 1542–1550. [CrossRef]

158. Ghann, W.E.; Aras, O.; Fleiter, T.; Daniel, M.-C. Syntheses and characterization of lisinopril-coated gold nanoparticles as highly
stable targeted CT contrast agents in cardiovascular diseases. Langmuir 2012, 28, 10398–10408. [CrossRef]

159. Almutairi, A.; Rossin, R.; Shokeen, M.; Hagooly, A.; Ananth, A.; Capoccia, B.; Guillaudeu, S.; Abendschein, D.; Anderson, C.J.;
Welch, M.J. Biodegradable dendritic positron-emitting nanoprobes for the noninvasive imaging of angiogenesis. Proc. Natl. Acad.
Sci. USA 2009, 106, 685–690. [CrossRef]

160. Lu, Y.; Sun, B.; Li, C.; Schoenfisch, M.H. Structurally diverse nitric oxide-releasing poly(propylene imine) dendrimers. Chem.
Mater. 2011, 23, 4227–4233. [CrossRef]
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